Cyclical period changes are a fairly common phenomenon in close binary systems and are usually explained as due to either the magnetic activity of one or both components (e.g., Applegate 1992) or to the light-travel time effect(LTTE) of a third body. We searched the orbital period changes in 182 EA-type (including the 101 Algol systems used by Hall (1989)), 43 EB-type and 53 EW-type binaries with known both the mass ratio and the spectral type of their secondary components. We reproduced and improved the same diagram as Hall's (1989) according to the new collected data. Our plots do not support the conclusion derived by Hall (1989) that all cases of cyclical period changes are restricted to binaries having the secondary component with spectral types later than F5. The presence of period changes also among stars with secondary component of early type indicates that the magnetic activity is one cause, but not the only one, for the period variation. It is discovered that cyclic period changes, likely due to the presence of a third body are more frequent in EW-type binaries among close binaries. Therefore, the most plausible explanation of the cyclical period changes is the LTTE via the presence of a third body. By using the century-long historical record of the times of light minimum, we analyzed the cyclical period change in the Algol binary WW Dra. It is found that the orbital period of the binary shows a ∼ 112.2yr cyclic variation with an amplitude of ∼ 0.1977days. The cyclic oscillation can be attributed to the LTTE via a third body with a mass no less than 6.43M ⊙ . However, no spectral lines of the third body were discovered indicating that it may be a candidate black hole. The third body is orbiting the binary at a distance shorter than 14.4 AU and it may play an important role in the evolution of this system.
INTRODUCTION
Orbital period changes of stellar eclipsing binary systems can be investigated by analyzing the (O − C) diagram showing the difference between the observed epochs of light minimum and those computed with a given ephemeris. A periodic pattern in an O − C curve is a fairly common phenomenon in Algols, W Ursae Majoris binaries, and RS Canum Venaticorum and the cataclysmic variables (Hall 1989; Hall & Kreiner 1980; Hobart et al. 1994; Warner 1988) . Similar patterns of the O − C diagram for several classes of close binaries suggest a common underlying mechanism (Zavala et al. 2002) , such as mass loss, apsidal motion, magnetic activity, and presence of a third body. Zavala et al. (2002) thought that apsidal motion and mass loss are unlikely mechanisms. There-⋆ E-mail: liaowp@ynao.ac.cn (LWP) fore, at present, cyclical period changes can usually be explained as due to either the magnetic activity of one or both components (e.g., Applegate 1992) or to the light-travel time effect(LTTE) via the presence of a third body.
The hypothesis that cyclical period changes are caused by the presence of a third body has been discussed by several investigators (Frieboes-Conde & Herczeg 1973; Chambliss 1992a; Borkovits & Hegedüs 1996) . In this hypothesis, the motion of the binary around the center of mass of the system causes a periodic change in the observed period due to a light-travel time effect(LTTE), thereby creating a periodic pattern in O − C curve. Afterwards, Hall found a striking correlation between the spectral type of the low-mass secondary component and the presence of a cyclical period change in his study (Hall 1989 ) on 101 Algols. From his plot, he noted that all cases of cyclical period changes are restricted to systems with spectral types of the secondaries later than F5. Based on this result, Applegate (1992) and Lanza et al. (1998) developed a theory to explain the periodic pattern in O − C curves of these systems. In this theory, a certain amount of angular momentum is periodically exchanged between the inner and the outer parts of the convection zone, and therefore the rotational oblateness of the star and hence the orbital period changes while the system's component goes through its activity cycles. However, the period changes of those Algols used by Hall (1989) were mainly derived from visual and photographic observations. This theory was frequently used to interpret the orbital period modulation of close binaries containing at least one cool component (e.g., Hall 1991; Qian et al. 1999; Qian et al. 2000) . As new and more accurate observational material has accumulated since then, in the present work, we will reproduce and improve the same diagram as Hall's (1989) of EA, EB and EW-type binaries based on the new collected data. We will check Hall's plot and discuss the cause of cyclical period changes. Meanwhile, we will analyze the cyclical period change of the RS CVn-type binary WW Dra derived from the century-long historical record of the times of light minimum and discuss its plausible cause.
THE MOST PLAUSIBLE EXPLANATION OF THE CYCLICAL PERIOD CHANGES
As discussed above, at present, the magnetic activity of one or both components (e.g., Applegate 1992) or the light-travel time effect(LTTE) via the presence of a third body are usually invoked to explain the cyclical period changes of close binaries. Hall (1989) searched the orbital period changes of 101 Algol-type binaries in Giuricin et al. (1983) . The samples of our study are made by the stars listed in Kreiner et al. (2001) , the 101 Algol systems in Giuricin et al. (1983) , and the Algol-type binaries listed iṅ Ibanoǧlu et al. (2006) . As selection criterion we considered stars that either show cyclical period changes or have secondary component of late spectral type. Finally, 182 EA-type (including the 101 Algol systems used by Hall (1989) ), 43 EB-type, and 53 EW-type binaries were collected for this study. In this paper, the data of EA, EB, and EW-type binaries are presented in Tables 1 -3 , respectively. In Table 1 , Column (1) and (7) give the systems we selected; (2) and (8) the secondary component's spectral type; (3) and (9) the mass ratio; (4) and (10) the form of the period change; (5) and (11) the geometrical structure of the binary : semidetached binaries(SD) or detached binaries(D), and (6) and (12) the reference for the O − C information.
In Table 2 and 3, Column (1) gives the systems we selected; (2) the secondary component's spectral type; (3) the mass ratio; (4) the form of the period change and (5) the reference for the O−C information. The secondary component's spectral type (Sp 2 ) and the mass ratio (q) are up to date values taken from one of these references: Kreiner et al. (2001) , Giuricin et al. (1983 Giuricin et al. ( ),İbanoǧlu et al. (2006 , the reference given in corresponding table, and VizieR database 1 . Therefore, some of the secondary component's spectral types in Table 1 differ from those in Giuricin et al. (1983) . Moreover, in the process of investigation, we reclassified several systems as EB type or detached binaries with respect to Giuricin et al. (1983) according to the mentioned more recent bibliography.
The plots of mass ratio(q) vs. secondary component's spectral type (Sp 2 ) for EA, EB, and EW-type binaries are displayed in Figs. 1 -3, respectively. The form of the period change follows the convention adopted by Hall (1989) . A horizontal line ( -) indicates no period change, a forward slash ( / ) indicates a period increase only, a back slash ( \ ) indicates a period decrease only, a cross ( × ) indicates both increase and decrease of the period, and a filled circle ( • ) is used for systems for which we have inadequate data for judgement. In Fig. 1 , the magenta symbols are used for the semidetached Algol-type binaries and the black ones are for detached Algol-type binaries. It is clear from Fig. 1 that our plots do not support the conclusion derived by Hall (1989) that all cases of cyclical period changes are restricted to binaries with secondary component with spectral type later than F5. There are cases among both semidetached and detached Algols in which the spectral type of the secondary component is earlier than F5, such as RW Cap (Erdem et al. 2007 ), TX Her (Ak et al. 2004) , and it is expected that the number of these systems will grow rapidly as more new observational data will be derived. The presence of period changes also among systems with low-mass component of early-type stars rules the magnetic activity out as unique cause for the period variation. Among binaries with late-type component the orbital period variation can be due to either magnetic activity or LTTE. Whereas, among binaries with early-type components the LTTE is the more likely cause. Moreover, the validity of the Applegate mechanism has recently come into question (Lanza 2005 (Lanza , 2006 . Lanza suggested that the Applegate mechanism should be rejected because it can not explain the orbital period modulations of classical RS CVn close binaries (Lanza 2005) . Afterwards he also found that the mechanism is inadequate to explain the cyclical period changes of all close binaries with a late-type secondary (Lanza 2006) . Again, the Applegate mechanism predicted that there is a connection between the luminosity variation and the variation of period. However, to date, no reliable connections were found in the literature. Therefore, the most plausible explanation of the cyclical period changes is the LTTE via the presence of a third body. We found that 48.9 % of EA, 44.2 % of EB and 64.2 % of EW-type binaries have cyclical orbital period variation. If we assume that such variations are related to the presence of a third body through the LTTE, then we find that EW stars have the highest probability to belong to multiple systems. These results are in agreement with the findings of Chambliss (1992b) . The detailed statistical numbers of cyclical period changes in close binary systems are displayed in Table 4 .
In the following sections,we present our investigation on the cyclical period change in the RS CVn-type binary WW Dra and discuss about its causes as the presence of a black hole companion.
NEW CCD PHOTOMETRIC OBSERVATIONS FOR WW DRA
WW Dra ( = HD 150708 = HIP 81519 = BD +60
• 1691, V max = 8.3 mag) was discovered to be an eclipsing binary by Harwood (1916) . It is a RS CVn-type eclipsing binary with G2+K0 spectral type (Joy 1941) . Studies based on photographic and photoelectric observations were carried out by Plaut (1940), Mezzetti et al. (1979) , Mardirossian et al. (1980) and Tunca et al. (1981) . Some of them also calculated the orbital and physical elements of WW Dra, and the binary was confirmed to be a detached system composed of two sub-giant stars. The period variation of this binary was studied by Albayrak et al. (1999) who derived the parameters of the light time orbit. However, as more new observational data have been derived since then, we will display different results of orbital period change of WW Dra. 
Note. + the reference for the Sp 2 . * the reference for the mass ratio q References: (1) Erdem et al. (2007) ; (2) Qian (2003a) ; (3) Borkovits & Hegedüs (1996) ; (4) Hayasaka (1979) ; (5) Kreiner et al. (2001) ; (6) Zasche (2005) ; (7) Qian et al. (2009a) ; (8) Mayer et al. (2001) ; (9) Narusawa et al. (1994) ; (10) Hoffman et al. (2006) ; (11) McCook (1971) ; (12) Kreiner (1971) ; (13) Kreiner & Tremko (1988) ; (14) Qian (2000a) ; (15) Qian (2000b) ; (16) Zavala et al. (2002) ; (17) Qian (2001a) ; (18) Deǧirmenci et al. (2000) ; (19) Schulz (1977) ; (20) Baldwin & Samolyk (1997) ; (21) Baldwin & Samolyk (1996) ; (22) Batten & Fletcher (1978) ; (23) Koch (1962) ; (24) Taylor (1981) ; (25) Lu (1992) ; (26) Hilditch et al. (1986) ; (27) Soderhjelm (1980) ; (28) Simon (1997) ; (29) (2000); (33) Simon (1996) ; (34) Sisteró (1971) ; (35) Kreiner & Ziolkowski (1978) ; (36) Sisteró et al. (1969) ; (37) 
Note. + the reference for the Sp 2 . * the reference for the mass ratio q References: (1) Liao & Qian (2009a) ; ( In order to analyze the period variations of WW Dra and investigate the physical properties of the third body, CCD observations were acquired on May 31, 2007 with the PI1024 TKB CCD photometric system attached to the 1.0-m reflector at the Yunnan Observatory. The V filter, close to the standard Johnson UBV system, was used. The effective field of view is about 6 ′ .5 × 6 ′ .5 at the Cassegrain focus and the size of each pixel is 0 ′′ .38. The integration time is 60 s for each image. The coordinates of the nearby comparison star are RA=16:39:03.91, DEC=+60:42:02.6 (J2000.0). The PHOT task of IRAF, which measures the aperture magnitude for a list of stars, was used to reduce the observed images. By using our photometric data, we provided the most recent determination of time of light minimum -HJD 2454252.3029(±0.0018).
ORBITAL PERIOD VARIATION OF WW DRA
To investigate the physical properties of the third body in WW Dra, we search for cyclic orbital period changes. A total of 92 times of light minimum from the literature have been collected and compiled in the present paper. Most of times of light minimum were retrieved from compilation of Hall & Kreiner (1980) . Times of light minimum are listed in the first and eighth column of Table 5 . In our analysis, the value HJD2443221.544 obtained by Budding et al. (1977) was not used because its (O − C) value shows large scatter when compared with the general trend formed by the other data points. In the second and ninth column the number (E) of orbits 
Note. * the reference for the mass ratio q References: (1) Borkovits & Hegedüs (1996) ; (2) (2000); (13) Pribulla et al. (2003) ; (14) Qian (2002); (15) Note. + the ratio of binaries show cyclical period changes to the total number. * the ratio of binaries not only show cyclical period changes but also have Sp 2 earlier than F5 to binaries show cyclical period changes.
elapsed from the initial epoch of primary minimum is listed. The (O − C) 1 values of all times of light minimum were computed with the linear ephemeris given by Kreiner et al. (2001) ,
They are listed in the third and tenth column of Table 5 and plotted vs. number of orbital periods in the upper panel of Fig.  4 , where open circles refer to photographic or visual observations, Table 1 . A horizontal line ( -) indicates no period change, a forward slash ( / ) indicates a period increase only, a back slash ( \ ) indicates a period decrease only, a cross ( × ) indicates both increase and decrease of the period, and a filled circle ( • ) is used for systems for which have inadequate data for judgement. The magenta symbols are for the semidetached Algol-type binaries and the black ones are for detached Algol-type binaries. Table 2 . The symbols are the same as in Figure 1 . filled circles to CCD or photoelectric ones. As shown in the upper panel of Fig. 4 , the general (O − C) 1 trend can be described by a linear curve with superimposed a periodic fluctuation. Therefore, a sinusoidal term was added to a linear ephemeris to get a good fit to the (O − C) 1 curve (solid line in the upper panel of Fig. 4) . To obtain a more accurate result, we focus the fit to only primary minima, though secondary minima also follow a similar trend. Weight • 0407 × E + 163.
• 73(±0.
• 05)]. (2) The sinusoidal term in Eq. (2) suggests a periodic variation with a period of about 112.2 yr and an amplitude of about A = 0 d .1977, which is more easily seen from the lower panel of Fig. 4 , where the linear part of Eq. (2) was subtracted to the (O − C) 1 values. The good fit in Fig. 4 indicates no long-term steadily period increase or decrease. Therefore, we can exclude the presence of mass transfer, which is in accordance with the fact that WW Dra is a detached binary. The (O − C) 2 values are shown in the fourth and eleventh column of Table 5 . The residuals of the fit with Eq. (2) are displayed in Fig. 5 and listed in the fifth and twelfth column of Table  5 . To detect possible regular trends in the residuals plotted in Fig.  5 , more high-precision times of light minimum are needed from future observations.
DISCUSSIONS AND CONCLUSIONS
In Section 4, we displayed the existence of a cyclical period change of WW Dra. This cyclical variation may be interpreted as due to either the magnetic activity of one or both components (Applegate 1992) , or by the LTTE via the presence of a tertiary companion. With the following equation given by Rovithis-Livaniou et al. (2000) ,
where P 3 is the period for the (O − C) oscillation, the rate of the period variation is found to be ∆P/ P = 5.29 ×10 −7 . In order to Note. * the mean value of 3 times of light minimum References: (1) Hall & Kreiner (1980) ; (2) Zverev (1933) ; (3) Kordylewski (1934) reproduce this cyclic change, the required variation of the quadruple momentum ∆Q can be calculated with the following equation (Lanza & Rodonò 2002) ,
where a is the separation between both components that can be determined with the Kepler's third law,
where M 1 = 1.36M ⊙ and M 2 = 1.34M ⊙ (Albayrak et al. 1999 ). Combining Eq. (4) and Eq. (5), we derived ∆Q 1 = 2.04 ×10 50 g cm 2 and ∆Q 2 = 2.01 ×10 50 g cm 2 for both components, respectively. Assuming conservation of the orbital angular momentum, the total ∆Q is on the order of 10 51 −10 52 g cm 2 (Lanza & Rodonò 1999) , which indicates the values of ∆Q 1 and ∆Q 2 for WW Dra are not typical ones for the close binaries, suggesting, that the mechanism of Applegate cannot interpret the cyclical period variation of WW Dra. Moreover, the period of 112.2 yr for the (O − C) oscillation of WW Dra is too long in comparison with magnetic cycles in solar type single stars and close binaries (Maceroni et al. 1990; Bianchini 1990) . Therefore, the cyclical period change is more plausibly interpreted as due to the presence of a third body.
The good sinusoidal fit shown in Fig. 4 suggests that the orbit of the third body is approximately circular, which is different from the result derived by Albayrak et al. (1999) 
the mass function of the third body is computed to be f (m 3 ) = 3.19(±0.47) M ⊙ . In the formula, M 1 , M 2 , and M 3 are the masses of the eclipsing pair and the third companion, respectively, G is the gravitational constant. According to the same parameters (M 1 = 1.36M ⊙ and M 2 = 1.34M ⊙ ) used by Albayrak et al. (1999) , the lowest mass of the third body is calculated to be M 3 = 6.43M ⊙ , and the third body is orbiting the binary at a distance shorter than 14.4 AU. When the third body is coplanar to the eclipsing binary : i ′ = i = 81.
• 4 (according to Albayrak et al. (1999) ), its mass is M 3 = 6.57M ⊙ . Using the formula given by Mayer (1990) ,
where K RV , P 3 , a 12 are in kilometer per second, years and AU, respectively, and considering the simplest situation of i 3 = 90 • , the semi-amplitude of the system velocity accompanied by the lighttime effect is approximately calculated to be 9.09 km s −1 , which is a little less than the value determined by Albayrak et al. (1999) . According to Allen's tables (Drilling & Landolt 2000) , the third companion is estimated to be a ∼ B4 star. Therefore, it could be discovered by spectroscopic observation. However, no spectral lines of the third body were discovered up to now. It may be explained in two possible ways: (1) the star was observed in the past in a spectral range where the third body has no lines, or lines were present but the poor resolution of available spectra did not allow to detect them. Actually, it is difficult to find sufficient spectral lines to determine radial velocity of B stars because their rapid rotational velocity makes them too broad and weak to be accurately measured, or (2) the third body is a candidate black hole and it may play an important role in the evolution of this system. The situation resembles that of V Pup (Qian et al. 2008b ). More observations are needed to check this hypothesis in the future. All these make WW Dra a very interesting system to study.
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